A unique 16-year time series of deep video surveys in Monterey Bay reveals that the Humboldt squid, Dosidicus gigas, has substantially expanded its perennial geographic range in the eastern North Pacific by invading the waters off central California. This sustained range expansion coincides with changes in climate-linked oceanographic conditions and a reduction in competing top predators. It is also coincident with a decline in the abundance of Pacific hake, the most important commercial groundfish species off western North America. Recognizing the interactive effects of multiple changes in the environment is an issue of growing concern in ocean conservation and sustainability research.
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invasive species ͉ top predators ͉ top-down forcing O ne of the greatest challenges in contemporary ocean science is that of predicting how oceanic communities will respond to impending changes, such as climatic warming and the removal of top predators (1) . Interactive changes are of particular concern, but little information is available on the collateral effects of multiple factors. Rising temperatures have been implicated in shifting the geographical distribution patterns of fishes and plankton (2, 3) and in the disruption of plankton communities (4, 5) . Removing top predators from an ecosystem can result in a cascade of effects that restructures the food web at lower trophic levels (6, 7) as well as at the top (8). Together, two or more such changes may act in ways that we cannot yet predict (9) .
Here we demonstrate that the Humboldt squid, Dosidicus gigas, has greatly extended its perennial range in the eastern North Pacific Ocean. This geographic expansion occurred during a period of ocean-scale warming, regional cooling, and the decline of tuna and billfish populations throughout the Pacific (10) . In this case, environmental changes off California are concurrent with invasion by a species from an adjacent region. Examples of invasion by species at higher trophic levels are relatively rare. The subsequent ecological impact of the Humboldt squid invasion can be seen in possible top-down forcing on the local population of Pacific hake, but the ecological effects may not yet be fully expressed (11) . The question of how an oceanic community will respond to climatic change must include the possibility of invading species (12) , and the consequences of removing top predators may depend on whether there is an ecological understudy waiting in the wings. Dosidicus (Fig. 1) is a large, aggressive, abundant pelagic squid that reaches mantle lengths of 1.2 m, overall lengths Ͼ2 m, and weights up to 50 kg. Its geographical distribution is centered in the eastern equatorial Pacific. From these warm waters, its historical range extends along the subtropical coasts of both North and South America, with episodic but temporary range extensions to latitudes as high as 40° (13) . Only a single species is known, although genetic evidence suggests that northern and southern populations are diverging (13, 14) . Dosidicus feeds opportunistically on a broad range of pelagic and demersal fishes, crustaceans, and squids (15) (16) (17) , many of which undertake vertical migrations of several hundred meters during a diel cycle (18) . Dosidicus has a wide range in the vertical plane (19) , encompassing that of its prey (Fig. 2) . In turn, Dosidicus is preyed on by tuna, billfish, sharks, pinnipeds, and toothed whales (13, 17) ; it is also the specific target of commercial fisheries in Mexico, Peru, and northern Chile, where it is known as the jumbo squid, the jumbo flying squid, and jibia. Like other squids in the family Ommastrephidae, Dosidicus is believed to have only a 1-to 2-year life span (20) , but its reproductive cycle, seasonality, and early life stages are still largely unknown, particularly outside the tropics. Short generation times have been shown to be advantageous in cases of warming-related range shifts (2) and also in response to changes in trophic structure (8) .
Results
Our study is based on a unique data set of in situ video observations in deep water of the Monterey Submarine Canyon off central California, made during monthly dives of a remotely operated vehicle (ROV) over a period of 16 years (21) . Dosidicus occurred broadly through the water column at depths between the surface and Ϸ1,000 m, in a temperature range from 15°C to 5°C (Fig. 2) . It is apparently attracted to the lights of the ROV, and it feeds actively within their arc. In addition to hake, its local diet includes krill, Euphausia pacifica, the myctophid lanternfishes Stenobrachius leucopsarus and Tarletonbeania crenularis, the anchovy Engraulis mordax, and rockfishes Sebastes spp (17) . The size range of Dosidicus specimens observed in Monterey Bay includes mantle lengths from Ͻ8 to Ͼ80 cm.
Historically, Dosidicus has been only an occasional visitor to southern and central California (22, 23) , and we did not observe it in Monterey Bay until 1997, although our routine ROV surveys began in 1989. Dosidicus first appeared during the onset of the strong 1997-1998 El Niño and persisted through most of 1998. A few individuals were seen in 1999, and there was a single sighting in 2000. None were observed in 2001. In 2002 Dosidicus returned in abundance, associated with a small El Niño event, and it has been present in Monterey Bay year-round ever since (Fig. 3) . Time-series cross-correlation analysis revealed that increased sea-surface temperatures in the eastern equatorial Pacific (Niño 3 index) preceded the appearance of Dosidicus off central California by 10-15 months and again by 2-3 months in both 1997 and 2002 (P Ͻ 0.05). This pattern may reflect a reproductive cycle or a secondary invasion pulse. In addition to temperature changes, El Niño events may have facilitated the range expansion of Dosidicus through increases in poleward, subsurface water flow (24) and by increasing the relative abundance of picoplankton (25), a key food source for the paralarvae of most ommastrephid squid (26) .
Pacific hake (Merluccius productus) is the most abundant commercial fish species on the western coasts of the U.S. and Canada (27, 28) . They are found chiefly in temperate coastal waters of the shelf and slope and historically, they overlapped with Dosidicus only at the southernmost part of the hake's geographical range, off the coast of northwestern Mexico. Hake feed chiefly on krill (29) , and they undertake postspawning migrations each year that account for seasonal fluctuations in local abundance. Until 1997, they were a consistent presence, year-round, in our ROV surveys of Monterey Bay (Fig. 3) . Like the squid, hake are attracted by the lights of the ROV, and their schools appear as strong targets on the vehicle's sonar even when they are beyond visual range. Coincident with the arrival of Dosidicus in 1997, the numbers of hake declined, then recovered after the squid observations dropped off, from 1999 through 2001. When Dosidicus returned in 2002, the numbers of hake dropped again and have remained very low (Fig. 3) . Numbers of hake have been significantly lower during periods when Dosidicus was present (1997-1999 and 2003-2005 ; Mann-Whitney U test, U ϭ 1,176, n ϭ 196, two-tailed P ϭ 0.000), and the seasonal pattern of their abundance has been altered [supporting information (SI) Fig. 4 ].
We have observed Dosidicus feeding on deep-water forage such as krill, lanternfishes, and barracudinas [see SI Movies 1-3] during ROV dives offshore, whereas their principal prey over the shelf and slope appears to be hake (17) . Cross-correlation time-series analysis showed that observations of hake (Fig. 3) decreased significantly in the same month, and the month after, the number of Dosidicus observations increased (see SI Text). There was no significant relationship between our hake observations and the El Niño index.
Discussion
Climate-related changes in fish distribution have been typically characterized as range shifts or displacement away from the center of the home range, as temperatures grew warmer (2) . In contrast, Dosidicus has enlarged its distribution without abandoning its historical center. The present pattern of range expansion by Dosidicus has been accompanied by a large number of mass strandings along the California coast. Sightings of Dosidicus have occurred as far north as Canada and the Gulf of Alaska (30) (31) (32) (33) . A similar pattern of strandings and range expansion has emerged off South America at the southern end of Dosidicus' range, also in conjunction with warm-water intrusions and increased poleward flow. In southern Chile, an invasion of Dosidicus may be threatening large commercial and artisinal hake fisheries (ref. 34 ; www.falkland-malvinas.com/Detalle. asp?NUMϭ5829).
The expansion of Dosidicus' range does not appear to be directly linked to a regional increase in sea-surface temperatures. Although its tropical center of distribution and the El Niño-linked episodic range expansions suggest a warm-water affinity, its vertical distribution in the water column demonstrates a physiological tolerance for temperatures far lower than it encounters near the surface (Fig. 2) . Beginning in the late 1990s, a warm-to-cool regime shift occurred throughout the eastern Pacific (35) . During the last half of the previous warm regime (Ϸ1988-1998), Dosidicus was present in Monterey Bay only during warm El Niño periods. However, once it became established during the current cool regime, it has been present continuously. This demonstrates that, whereas Dosidicus may be associated with warm temperatures at the center of its distribution, it is physiologically adaptable and does not depend on the higher surface temperatures found in the tropics (19) . There is no historical evidence to indicate that Dosidicus was a consistent part of the central California pelagic fauna during the previous cool regime (22) , which suggests that regime-shift oceanographic changes were not solely responsible for the present invasion.
In the eastern Pacific, the standing populations of tuna and billfish have recently experienced drastic depletions, effects felt not only in their abundance but also in their diversity (36, 37) and age structure (10) . These large fishes are being replaced by smaller individuals, by smaller fish species, and by squid, a consequence also seen in other fisheries (8) . Dosidicus, because it grows rapidly to large size and with no apparent seasonality to its reproduction (13, 38) , can respond quickly to niches made accessible by the decline of large predatory fishes, which have longer life spans and delayed maturity (2, 8, 10) . The removal of top predators like tuna and billfish may promote Dosidicus population growth and range expansion by reducing competition for their shared prey species. Likewise, it may reduce the mortality of juvenile Dosidicus, on which the large predatory fishes feed (13, 39) .
The present situation off central California appears to be that a physiologically tolerant species (19) with a fast generation time has moved into a new area during a period of substantial climatic, oceanographic, and ecological changes. The occupation has lasted through multiple generations of the invading species (20) , which indicates a sustained population rather than a relict one or multiple invasions. The geographical range of the invader now extensively overlaps that of a large commercially valuable fish stock. If this trend continues, top-down forcing could have a major impact on the most abundant commercial groundfish population off the west coast of North America. A similar pattern may also be taking place in the Southern Hemisphere.
Materials and Methods
From 1989 to 1991, ROV-based video surveys covered the upper 500 m of the water column in Monterey Bay. In 1992, the vertical coverage was extended beyond 1,000 m. Quantitative video transects in a midwater time series occurred on about a monthly basis (21) . These were supplemented by additional dives in Monterey Bay and offshore that supported other types of research. The total number of dives exceeds 3,000 over 16 years. As a result, this data set has greater temporal resolution than is the case for annual fishery-based catch statistics. Quantitative video surveys are much more useful for understanding holistic effects than are catch statistics alone, because they usually include both predators and prey, whereas traditional commercial sampling seldom enumerates both. Statistical analyses were performed by using SPSS 10.1 (SPSS, Chicago, IL).
